The purposes of this study were 1) to establish accelerometer count cutoffs to categorize activity intensity of 3 to 5-y old-children and 2) to evaluate the accelerometer as a measure of children's physical activity in preschool settings. Methods: While wearing an ActiGraph accelerometer, 16 preschool children performed five, 3-min structured activities. Receiver Operating Characteristic (ROC) curve analyses identified count cutoffs for four physical activity intensities. In 9 preschools, 281 children wore an ActiGraph during observations performed by three trained observers (interobserver reliability = 0.91 to 0.98). Results: Separate count cutoffs for 3, 4, and 5-y olds were established. Sensitivity and specificity for the count cutoffs ranged from 86.7% to 100.0% and 66.7% to 100.0%, respectively. ActiGraph counts/15 s were different among all activities (P < 0.05) except the two sitting activities. Correlations between observed and ActiGraph intensity categorizations at the preschools ranged from 0.46 to 0.70 (P < 0.001). Conclusions: The ActiGraph count cutoffs established and validated in this study can be used to objectively categorize the time that preschool-age children spend in different physical activity intensity levels.
in children of this age, a valid and reliable measure is needed that can detect the frequency, intensity, and duration of young children's physical activity.
An expert panel organized by the Centers for Disease Control and Prevention identified the need for a valid measure of physical activity in young children as a research priority. 6 Most of the physical activity measures widely used to date have been problematic in this age group. Self-report measures are not recommended for children under age 10, 7 and teacher or parent proxy measures have not performed well compared to objectively measured physical activity. [8] [9] [10] Direct observation can provide a valid assessment of children's physical activity but is costly and timeconsuming, 11 making it impractical for large-scale epidemiological research. While there might be some level of "Hawthorne" effect or reactivity from using direct observation, Puhl et al. reported that less than 17% of the 5 and 6 y olds observed in their study reacted to the observers. 12 Accelerometers provide an objective measure of physical activity and can be used in a wide range of settings and with people of virtually all ages. To date, however, they have been used only rarely to assess the physical activity levels of preschool-age children. [13] [14] [15] [16] Although previous studies have found positive associations between total activity determined by accelerometry and directly observed activity, [13] [14] [15] [16] fewer studies have explored an accelerometer's ability to categorize preschool children's activity by intensity (i.e., sedentary, light, moderate, vigorous). Identifying the amount of time spent in the various intensity categories will provide a better understanding of young children's daily patterns of activity and can provide target activity levels for future physical activity intervention programs. The primary purpose of this study was to calibrate a uniaxial accelerometer in preschool children by establishing count cutoffs that could be used to categorize activity intensity. A secondary purpose was to evaluate the validity of the count cutoffs using direct observation of children's preschool activity as the criterion measure.
Methods

Subjects
The aim of the first phase of this study was to calibrate the accelerometer. Twentythree children ages 3 to 5 were recruited to perform five structured activities while wearing single-plane ActiGraph accelerometers (Manufacturing Technology, Inc., Fort Walton Beach, FL). The children's parents provided informed consent prior to data collection, and children or their parents were free to terminate their participation at any time during the testing procedures. Seven children (30%) were removed from the sample because of noncompliance with the calibration protocol (e.g., refusal to participate, removal of equipment, completely stopped walking/jogging), leaving a final sample of 16 children. This study was approved by the University of South Carolina Institutional Review Board.
The aim of the second phase of the study was to validate the accelerometer count cutoffs in preschool settings. A total of 281 children were recruited from 9 preschools in the Columbia, SC area. Parents provided informed consent prior to data collection. A final sample of 269 children was retained after deletions for incomplete or missing data.
Measures
The ActiGraph is a small (5.1 × 3.8 × 1.5 cm), lightweight (42.6 g), single plane (vertical) accelerometer that has been validated for use with children in laboratory 17 and field settings. 18, 19 The ActiGraph collects and stores accelerations between 0.05 Gs and 2.0 Gs. The analog acceleration is converted to a digital signal and this value (count) is stored in user-specified time intervals (epochs). Fifteen-second epochs were used for this study. After data collection, the monitor is downloaded to a computer for subsequent data reduction and analysis.
A modification of the Child Activity Rating Scale (CARS) 12 was used as the criterion physical activity measure. The CARS is a continuous observation system, designed and validated for use with children age 3 to 4 y, which classifies activity into 5 categories. Puhl et al. measured energy expenditure, by indirect calorimetry, in 5 to 6-year-old children performing activities representative of the CARS intensity categories. 12 Energy expenditure was significantly different (P < 0.05) among the five activity intensity categories. Table 1 lists the operational definitions and representative activities used for this study. In the preschool settings, a 15-s momentary time sampling method was used. Each child was observed for 15 s and then the physical activity and other contextual variables were entered into a handheld computer (Palm, Inc.) for the next 15 s. The time on the handheld computers was synchronized with the computer used to initialize the accelerometers so that observation and ActiGraph data could be temporally matched.
The observation system was developed and pilot tested at a separate preschool during April−September 2000. A videotape of children in the preschool was recorded and the children's activity scored by the project coordinator. This tape was used to calculate intra-observer reliability of four research assistants at the beginning and end of data collection. Intraclass correlation coefficients (ICC) for the physical activity level ranged from 0.95 to 0.96 and 0.88 to 0.94 at baseline and post data collection, respectively. Inter-observer agreement at the mid-point of the study was assessed by simultaneous field observations of the same child, using the project coordinator as the criterion standard. The ICCs ranged from 0.91 to 0.98. Percent agreement of 15-s physical activity categorizations across all time points ranged from 75 to 99% (kappa = 0.66 to 0.98).
For children in both the calibration study and the field trial in the 9 preschools, height was measured to the nearest 0.1 cm using a portable height 
Calibration Procedures
The ActiGraph accelerometer was calibrated by having children perform five structured activities, based on the CARS intensity categories, for 3 min each. The activities were completed in the following order: sitting and talking, fast walking, sitting and playing, slow walking, and jogging. All activities were performed in the presence of three research assistants to facilitate compliance with the study protocol. One of the research assistants performed each activity with the child and paced them during the walking and jogging conditions. The average walking and running speeds (km/hr) were, 3.2 ± 0.6, 4.3 ± 0.6, and 6.9 ± 3.9 for the slow walking, fast walking, and jogging conditions, respectively. Most children stopped walking or running for several seconds at some point during the protocol. None of the children included in the final sample stopped performing a task for more than 15 s. While the included participants were not perfectly obedient, their slight deviations from the protocol did not warrant their removal. Having several research assistants present, all providing verbal encouragement and one performing the activities with the child, helped prevent further attrition. To assess inter-instrument reliability, children wore an ActiGraph on each hip, anterior to the iliac crest, using an adjustable elastic belt. A digital watch was synchronized daily with the computer used to initialize the activity monitors, and this watch was used to record the start and stop times for each of the activities. These times were used to extract the corresponding activity monitor data. The average ActiGraph counts per activity were calculated separately for the left and right hip monitors using all 3 min of each activity. Inter-instrument reliability for the monitors was evaluated by calculating the intraclass correlation coefficient (ICC) between the left and right hip monitors. A two-way analysis of variance (ANOVA) was also calculated to compare monitor counts from left and right hip monitors for the five structured activities. The ICC between left and right hip monitors was r = 0.84. ANOVA revealed that the hip main effect (N = 17, F = 0.06, P = 0.80) and the activity by hip interaction (N = 17, F = 0.07, P = 1.00) were both nonsignificant. Therefore, only data from the right hip monitor was used for the rest of the analysis and only one monitor was used in the field settings.
Evaluation Procedures
To evaluate the ability of the count cutoffs to categorize activity intensity, children wore one ActiGraph on their right hip during the entire time they were at their preschool for up to 10 consecutive weekdays. As part of a larger study exploring associations between physical activity and the preschool environment, a research assistant observed and recorded the child's activity during one to three 1-h sessions on separate days over the same 10-d period. Observations were scheduled to avoid lunch and nap times. Data collection was conducted from October 2000 to May 2001.
Data Reduction and Analysis
SAS version 8.02 software was used for all statistical analyses. Significance was set at the P = 0.05 level. One-way ANOVAs were calculated to detect differences in ActiGraph average 15-s count values among the five activities. Wearing the ActiGraph on the hip does not allow for the detection of limb movement. Therefore, both sitting activities (observation codes 1 and 2) were combined to produce one sedentary intensity category. Slow walking, fast walking, and jogging were categorized as light, moderate, and vigorous intensity, respectively.
Receiver operating characteristic (ROC) curves were calculated using SAS Proc Logistic to determine age-specific ActiGraph count cutoff values for the four intensity categories. ROC curve analysis is derived from clinical diagnostic tests to differentiate, for example, between normal and diseased states. Using a given cutoff to distinguish the diseased state, a certain percentage of cases will be true positives, true negatives, false positives, and false negatives. By identifying a range of possible cutoffs, the cutoff at which the rate of true positives (sensitivity) and true negatives (specificity) are maximized can then be determined. The ROC curve is plotted with sensitivity along the y-axis and 1-specificity on the x-axis. 20 The area under the ROC curve is interpreted as a measure of the accuracy of a clinical test to discriminate between 2 populations. For example, an area of 0.84 means that a randomly selected individual from the positive group has a test value larger than that for a randomly chosen individual from the negative group 84% of the time. 21 When the variable under study cannot distinguish between the 2 groups (i.e., where there is no difference between the 2 distributions) the area will be equal to 0.5 (the ROC curve will coincide with the diagonal). When there is a perfect separation of the values of the 2 groups (i.e., there is no overlapping of the distributions), the area under the ROC curve equals 1 (the ROC curve will reach the upper left corner of the plot). The 95% confidence interval for the area can be used to test the hypothesis that the theoretical area is 0.5. If the confidence interval does not include the 0.5 value, then there is evidence that the laboratory test does have the ability to distinguish between the 2 groups. 20, 21 Age-specific ActiGraph count cutoffs were calculated based on previous research indicating an age-related increase in count cutoffs for children in 1st through 12th grade. 22 Thus, the ROC curve analyses were calculated separately for the 3, 4, and 5 y olds. For each age group, the intensity-specific ROC curves were calculated by dummy coding the calibration activities (0 and 1) and using this variable as the dependent variable in the logistic regression model. The independent variable was the subject's average 15-s count values for each calibration activity. For sedentary intensity, activities were coded as either sedentary (1; both sitting activities) or nonsedentary (0; walking and jogging activities). Similarly, to calculate an ROC curve for moderate-to-vigorous physical activity (MVPA), activities were coded as less than moderate intensity (0; sitting and slow walking activities) and moderate or greater intensity activities (1; fast walking and jogging). Vigorous intensity was identified by dichotomizing the activities into vigorous (1; jogging) and less than vigorous activities (0; sitting and walking activities). The count cutoffs were then selected from the point on the age-and intensity-specific ROC curve that maximized both sensitivity and specificity. The sedentary cutoff is defined as sedentary (sitting) or not (at least light intensity activity). Similarly, MVPA is defined as moderate (at least moderate intensity activity) or not (light and sedentary intensity activity). Therefore, these 2 cutoffs provide the boundary for the light intensity cutoffs and it was not necessary to calculate ROC curves for the light intensity category.
As a result of the observation system's time-sampling procedure, physical activity was observed during every other 15-s interval for the 1-h observations conducted in the preschool settings. Therefore, only the ActiGraph data that corresponded to the observed intervals were used for the correlation analysis so that accelerometer and observation data were matched for each observation hour. Observation data were reduced to a total physical activity score by summing the observed 15-s activity scores for each observation hour. The total number of observed 15-s intervals classified as sedentary (SED), light (LIG), moderate (MOD), moderateand-vigorous physical activity (MVPA), and vigorous (VIG) were also calculated. Analogous variables were calculated from the ActiGraph data using custom software. These variables included the total ActiGraph counts over the observation hour and the number of time intervals spent in the various activity intensities using the calibration count cutoffs. Pearson correlations were calculated between analogous ActiGraph and observation variables using log-transformed values for variables with skewed distributions.
Results
Characteristics of the children who participated in the calibration study and the field evaluation are provided in Table 2 . The relatively high mean BMI for the 3 y-olds in the calibration sample is the result of one overweight subject (BMI = 24.5). Without this child, the BMI for the 3 y-olds was 13.9. This subject was retained for analysis because removing him did not alter the results. The majority of children in the field evaluation were age 4, approximately half of the sample was male, and 61% was African American.
The differences in ActiGraph counts by calibration activity level are shown in Figure 1 . Similar results were obtained using average heart rates obtained over the last 2 min of each calibration activity (not shown). ActiGraph counts were significantly different among all activities except between the two sitting activities. This was not surprising because there was little to no vertical displacement during these activities, and the accelerometer would not be able to distinguish between such movements.
The age-specific 15-s count cutoffs, sensitivity, specificity, and area under the ROC curve are provided in Table 3 . For light activity, sensitivity, specificity, and area under the curve were not calculated from the ROC curve analysis. Thus, the ActiGraph count ranges for light intensity were calculated as the range of values between the sedentary and MVPA count cutoffs. Sensitivity and specificity ranged from 86.7% to 100.0% and 66.7% to 100.0%, respectively. Each curve represented excellent discrimination as determined by area under the ROC curve (> 0.90), and the confidence intervals did not include 0.5. An example of these curves is provided in Figure 2 also indicated on the ROC curve. Labels for all data points are not shown. The dashed line intersecting (0,0) and (100,100) indicates no discrimination between an event versus nonevent (e.g., MVPA vs. non-MVPA). The data point at (86.7% and 90.0%) represents a 15-s count value of 812 and was used as the point that provided the highest sensitivity and specificity. This determination is somewhat subjective given that the data point at (93.3% and 80.0%) is comparable but there is a trade-off between the sensitivity and specificity. Using 812 counts per 15 s as the 4 y-old MVPA cutoff is slightly more conservative since the false positive rate (1 -specificity) is slightly lower (10% vs. 20%).
Pearson correlation coefficients between direct observation physical activity variables and ActiGraph variables collected during the field trial in the 9 preschools are presented in Table 4 . Correlations are moderate in magnitude (0.46 to 0.70) and all are statistically significant (P < 0.001). 
Discussion
This study established age-specific count cutoffs for the ActiGraph accelerometer when used to evaluate physical activity in 3 to 5 y-old children. The values are specific to data collected in 15-s time intervals. This is the first study to establish separate cutoffs representing sedentary, light, moderate-to-vigorous, and vigorous physical activity in 3, 4, and 5 y-old children. Two previous studies identified accelerometer cutoffs in preschool children, but they only determined differences between sedentary and nonsedentary activity. 14, 16 Using the CARS direct observation system as the criterion measure, but a different accelerometer (Actiwatch model W16, Mini Mitter Co., Bend, OR), Finn et al. found that a cutpoint of > 1000 counts/min represented nonsedentary activity; 14 however, direct comparisons with the present study are difficult because of the use of different accelerometers. Reilly et al. validated the ActiGraph accelerometer using the Children's Physical Activity Form (CPAF) observation system as the criterion measure. 16 Using ROC curve analysis, they determined that > 1100 counts/min provided the optimal sensitivity (83%) and specificity (82%) for identifying minutes of nonsedentary activity. This sedentary intensity cutoff is slightly lower than those found in this study, if multiplied by 4 to approximate a 1-min count cutoff (e.g., 300 counts/15 sec × 4 = 1200 counts/min for 3 y-olds). (It is assumed that multiplying 15-s values by 4 approximates the 1-min count values, although it remains unclear if this is an appropriate comparison.) The difference in these sedentary cutoffs might be caused by differences in study design. The present study used structured activities that fit the CARS activity category descriptions. In contrast, Reilly et al. used unstructured activities that fit the CPAF observation system.
The age-specific count cutoffs for 3, 4, and 5 y-olds are a unique element of the present study. Using inappropriate cutoffs could reduce the validity of physical activity categorizations for some age groups. Previous research has shown that using one cutoff for all children would reduce the likelihood that younger children would meet the cutoff and result in those children appearing to be less active. 22 Others have used one cutoff for all subjects in the 3 to 5 y age range, 14, 16 but the age-specific cutoffs identified in the current study suggest that a single cutoff for this age group might not be adequate.
It is unknown whether age itself or other unknown moderating factors, such as maturational age, changes in vertical displacement, and overall efficiency during locomotion, could be responsible for the differences. The use of age-specific count cutoffs was based on 1) previous research using regression analyses to identify count cutoffs for school age children, 22 and 2) the ease of obtaining age compared to other physical or physiological measures. Variables such as gender and race might affect levels of physical activity (e.g., girls and minority children being less active than boys and Caucasians), but could have limited applicability to the calibration and validation of an accelerometer. The issue is whether the variable moderates the vertical accelerations recorded by the ActiGraph during physical activities. Until puberty, gender likely has little effect on how an individual moves and there seems no biological plausibility to suspect that race might moderate the accelerations detected by a vertical plane accelerometer. One could hypothesize, however, that a child with a greater BMI might have blunted vertical displacement during locomotion because of the extra work required to move their bodies. Height, leg length, coordination, and maturational age could all affect the vertical accelerations detected by the accelerometer, independent of chronological age. The impact of these physical characteristics, and possibly others, on the accelerometer output needs further investigation but in larger samples than is available in this study.
Fifteen-second time intervals were used in collecting the accelerometer data for this study. The use of accelerometer epochs of less than 1 min has been proposed as a means of more accurately describing the activity intensity patterns of children owing to the intermittent nature of children's physical activity. [23] [24] [25] Therefore, using 1-min intervals to record young children's physical activity via accelerometry could mask their true physical activity level. For example, an observer might witness a short bout (10 s) of nonsedentary activity during a given 1-min interval, but this level of physical activity might not meet the accelerometer cutoff as it was averaged with 50 s of sedentary counts during that same 1-min interval. This could have resulted in the lower sedentary cutoff in the Reilly et al. study, since they used 1-min intervals in field settings rather than steady state activity like the structured activities performed by the children in the current study. In such a validation study, the mean observed activity level recorded by the observers (using the CPAF protocol) would be associated with a slightly lower count value from the accelerometer.
Receiver Operating Characteristic curve analysis was used to determine the ActiGraph intensity cutoffs for sedentary, moderate, and vigorous physical activity. This method was used because the dependent variable, derived from the direct observation system, was a nominal level variable with only 4 categories. The Receiver Operating Characteristic curve technique is especially well suited for establishing cut-points as it is based on maximizing specificity and sensitivity. Regression techniques that require a continuous or nearly continuous dependent variable did not fit the current data set. If the dependent variable had been a continuous measure (e.g., energy expenditure measured in mL · kg · min −1 ) then the regression approach would have been a more appropriate analytic tool. The high area under the curve for each age-and intensity-specific curve (> 0.90) indicates that the cutoffs determined from these curves provide excellent discrimination among the activity intensity categories.
In the field tests in the 9 preschools, the ActiGraph was able to discriminate between the structured sedentary, light, moderate, and vigorous intensity physical activities of 3 to 5 y-old children. The time spent in these activity intensity categories, using the 15-s, age-specific count cutoffs, was significantly associated with directly observed time spent in these categories in the field settings. These results are similar to the findings of Reilly et al. in which accelerometer counts per minute differed significantly between CPAF categories. 16 Being able to identify the amount of time spent in a range of intensity categories is useful, since physical activity recommendations for children specify 60-min of moderate-to-vigorous intensity activity on all days. 26, 27 The present study found correlations between ActiGraph counts and observation scores of 0.46 to 0.70. Several previous studies have attempted to validate accelerometers with preschool-age children. 13, 15, 28 Our correlations are slightly lower than those reported by Fairweather et al. (r = 0.79 to 0.87). They measured total activity using a previous model of the ActiGraph and a different observational system (CPAF), however, and did not distinguish among various activity intensities. 13 Finn et al. found correlations of 0.03 to 0.92 (median, 0.74) in a study that used a different accelerometer but the same observation system (CARS) as the current study. Although they used different instrumentation, the Fairweather study, the Finn study, and the present study all concluded that the accelerometer is an appropriate tool for assessing physical activity in preschool children.
This study is limited by the small convenience sample used for the calibration of the ActiGraph. The significant associations between ActiGraph data and direct observation scores from the large field sample and the high area under the ROC curves, however, indicate that the count cutoffs were able to discriminate between the activity intensities. In the field settings, observers were instructed to identify the highest level of activity that occurred during each 15-s observation interval. In contrast, the ActiGraph records the total accelerations accumulated during the 15-s interval. These 2 approaches, while related, are measuring slightly different aspects of the child's activity and might have attenuated associations between these methods because of children's intermittent activity patterns. For example, observers might have recoded an observation interval as vigorous for a short burst of movement while the ActiGraph might record the same interval at a lower intensity level given that the total counts for that 15-s interval might not have been enough to reach the vigorous intensity cutoff. While this discrepancy was not an issue during calibration, because the activity was structured and the intensity remained consistent for each 3-min segment, the associations between the direct observation scores and ActiGraph output in the field settings were likely attenuated by this methodological difference. Lastly, using a measure of energy expenditure (mL · kg · min −1 ), instead of the observation categories, would provide a continuous, objective, and physiologically meaningful dependent variable with which to compare both the observation and ActiGraph data against. The use of indirect calorimetry is difficult in this young population, however, because of poor subject compliance, and the activities could be performed differently because of equipment constraints and at a greater metabolic cost resulting from increased physical or emotional stress.
Conclusion
In conclusion, the ActiGraph count cutoffs established in this study can be used to categorize the time that preschool-age children spend in different physical activity intensity levels. This methodology allows for an objective and feasible alternative to subjective parent or teacher proxy reports and provides a valid measurement tool for cross-sectional and experimental research investigating young children's physical activity levels.
